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Abstract
This paper introduces methods to coordinate black box simulations in the con-
struction of metamodels for situations in which we have to deal with coupled
black boxes. We deﬁne three coordination methods: parallel simulation, sequen-
tial simulation and sequential modeling. To compare these three methods we
focus on ﬁve aspects: throughput time, ﬂexibility, simulated product designs,
coordination complexityand the use of prior information. Special attention is
given to the throughput time aspect. For this aspect we derive mathematical
formulas and we give relations between the throughput times of the three coor-
dination methods. At the end of this paper we summarize the results and give
recommendations on the choice of a suitable coordination method.
Keywords: Design optimization; Coupling; Coordination; Simulation; Black
box; Metamodel.
JEL Classiﬁcation Number: C00.
1 Introduction
Simulation tools are frequentlyused nowaday s in the design process to predict
product or process characteristics. Bythe complexityof manyof those simula-
tion tools there are often no explicit input-output formulas known. This is why
these tools are referred to as black boxes. Further, simulation runs are often
verytime-consuming, so the number of simulated designs is limited in practice.
A wayto gain insight in a product is to simulate a large number of diﬀerent
product designs. However, this takes a huge amount of time. In the literature
it has been proposed to replace the black boxes byapproximation models, or
metamodels [4]. Equivalent terms that appear in the literature are compact
models, surrogate models, and response surface models. With such metamodels
we can evaluate product designs relativelyfast and thus gain insight in the
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1product and ﬁnd optimal and robust designs in an admissible time. In case we
are dealing with onlya single black box the design optimization process can be
divided into four basic steps, e.g., see [8]:
1. Problem speciﬁcation: At this step we examine the most important
features of the design problem. This includes the deﬁnition of all design
(or input) and response (or output) parameters of the black box. Further,
we investigate the restrictions on parameter settings or combinations of
parameters. All these restrictions together form the design space for the
product.
2. Design of computer experiments: Within the design space we must
choose a (limited) number of designs that we are going to simulate. These
designs should be spread out over the design space, in order to yield in-
formation about the black box behavior. A set of designs is described
bya simulation scheme. After the construction of such a scheme we can
simulate the corresponding designs.
3. Metamodeling: We then tryto ﬁt models to the found simulation re-
sults. The obtained metamodels describe the response parameters as func-
tion of the design parameters.
4. Optimization and robust design: Finally, we make use of the meta-
models and applyoptimization techniques to compute an optimal and/or
robust product design within the product design space.
The manufacturing industryproduces a lot of complex products that consist of
several coupled components. Due to the complexityof manycomponents their
design is often distributed over specialized design teams. Each of those teams
uses its own black box(es) to evaluate the component designs. Because of the
coupling between the components, the used black boxes are also coupled.
In the engineering practice MultidisciplinaryDesign Optimization (MDO)
techniques are often used to deal with coupled problems, e.g., see [3], [6], and
[7]. These techniques are based on optimization procedures that iteratively
solve several small optimization problems in order to graduallyconverge to the
optimal solution.
In this paper, however, we are not just interested in the optimal solution, but
we also want to gain insight in the product behavior in order to design a reliable
product. This is accomplished byan eﬃcient construction of metamodels for
the product as a whole. Because of the large number of design and response pa-
rameters of the product we cannot do this all-at-once, e.g., using the four steps
mentioned above. This is whywe must exploit the structure of the product in
order to be able to model the product eﬃciently. Therefore, we focus on the
construction of metamodels for the black boxes. However, due to the coupling
between the black boxes we must also coordinate the modeling process. We do
this bydeﬁning a coordination method that controls the order of the simulation
runs and the construction of metamodels. Further, this coordination method
enables us to exploit the coupling between the black boxes and helps to con-
struct metamodels for all black boxes in an eﬃcient way. The collection of these
models then implicitlyforms the required metamodel for the product.
In the upcoming sections we discuss several aspects of coordination methods.
2Extensions of other steps in the design process will be published in forthcoming
papers. This paper is organized as follows. Section 2 discusses the coupling
between black boxes and gives an example of such a structure. Section 3 intro-
duces the notion of coordination method and deﬁnes three diﬀerent methods.
It also deﬁnes ﬁve important aspects of coordination methods that are used for
comparison. Section 4 discusses the throughput time aspect mathematically
and Section 5 is devoted to the remaining four aspects. This latter section also
compares the coordination methods with respect to all ﬁve aspects. Finally,
Section 6 gives the conclusions and some topics for further research.
2 Black box coupling
Everyblack box has several design and response parameters. The design param-
eters can be divided into local design parameters and linking design parameters.
Local design parameters are input to just one black box, whereas linking design
parameters are input to multiple black boxes. There is also a special type of in-
put parameter, i.e., the response input parameter, which is a black box response
that is input to other black boxes. In this paper we assume that the response
input parameters do not form cycles between the black boxes. Figure 1 shows














black box 2 black box 1
Figure 1: Design and response parameters for two coupled black boxes.
From Figure 1 it can be seen that black boxes can be coupled bylinking de-
sign parameters or response input parameters. The presence of response input
parameters gives rise to the need for a coordination method. This is whythis
paper focuses on coupling byresponse input parameters only , the case of cou-
pling bylinking design parameters will be discussed in a forthcoming paper.
In this latter case we can couple the simulation schemes for the coupled black
boxes beforehand, i.e., before the simulations take place.
Under the assumption that the response input parameters do not form cy-
cles, the construction of simulation schemes depends on simulation results of
preceding black boxes. Therefore, this type of coupling can be represented by
a directed graph in which the nodes represent the black boxes and the arcs
3represent their relations, or the couplings. The assumption that there exist no
cycles in the directed graph is substantiated by problems found in the practice
of CQM. The nonexistence of such cycles gives our directed graph a forward
structure, i.e., there is an explicit precedence ordering of the black boxes. This
is whywe refer to the directed graph as a black box chain. Throughout this
paper we use the following notation to indicate the black boxes in the chain and
their characteristics:
B : set of black boxes, B = {1,2,...}.
Pb : set of all black boxes that directlyprecede black box b ∈ B.





nb : number of required simulation runs at black box b ∈ B.
sb : time per simulation run at black box b ∈ B.
Using this notation we can always number the black boxes in such a way that




. Further, note that Pb = ∅ if black box b ∈ B is at the beginning of the
chain and b ∈ Be if black box b is at the end of the chain.
The numbers of required simulation runs at each black box are determined
a priori bythe designers, based on the number of design parameters and the
expected black box behavior. After the simulation runs have been carried out
it mayhappen that we do not have enough information to construct proper
metamodels for some of the black boxes. Then we need to execute an additional
set of simulation runs for these black boxes. Section 5 brieﬂydiscusses a wayto
eﬃcientlydeal with this problem bymeans of a two-stage simulation procedure.
Figure 2 gives an example of the coupling between multiple black boxes by
response input parameters. This example is used in Section 4 to compute the
throughput time for several coordination methods. In the ﬁgure an arc repre-
sents one or more response input parameters. Note that there maybe multiple
independent black box chains within the product structure of a certain design







































Figure 2: Example of the coupling between multiple black boxes byresponse
input parameters.
43 Coordination methods
A coordination method is a rule that determines the order in which simulation
runs are carried out and metamodels constructed. In this paper we introduce
and analyze the following three coordination methods:
1. Parallel simulation: The simulation schemes of all black boxes are run
concurrentlyand independent of each other.
2. Sequential simulation: Individual designs in the simulation schemes
are sequentiallyrun, following the precedence ordering in the black box
chain and using simulation results of predecessors.
3. Sequential modeling: Simulation schemes are sequentiallyrun, follow-
ing the precedence ordering in the black box chain. Everysimulation
scheme is run completelyand all simulation and modeling results are used
in the construction of simulation schemes for successors.
When the whole simulation scheme of a black box has been run we can construct
a metamodel for that black box, based on the simulation results found, e.g., see
[5] and [1]. In order to be able to compare the three coordination methods we
look at the following ﬁve aspects:
1. Throughput time: The total time it takes to carryout all simulation
runs needed to construct a metamodel for everyblack box.
2. Flexibility: The sensitivityof constructed metamodels to changes in
other black boxes or the product structure. A ﬂexible coordination method
is not verysensitive to such changes.
3. Simulated product designs: A product design is a particular setting
of all design parameters that are input to the product. All of these design
parameters are also input to one or more of the black boxes, which are
in turn used to evaluate the product. When a certain setting of design
parameters is used as input to all these black boxes and the resulting sim-
ulation outcomes are again used as inputs for succeeding black boxes, then
we saythat we have simulated a product design. An advantage of such
simulated product designs is that we obtain information about feasible
product designs before we start the optimization process, i.e., we already
have lower bounds. Further, simulating product designs also increase the
credibilityof the used optimization and (robust) design approach.
4. Coordination complexity: This refers to the amount of communication
and time that is needed to implement a coordination method. It also
includes extra costs that are incurred by, for example, the need for an
automated communication system.
5. Use of prior information: This is the use of simulation and/or modeling
results from preceding black boxes. These results can help to determine
the designs that are expected to yield the most valuable information about
the product. Note that in case of response input parameters the use of
prior information is a necessityto obtain simulated product designs.
In the next section special attention is given to the throughput time aspect.
54 Throughput time
The throughput time for a coordination method is an important aspect. From
a time-to-market perspective it is desirable to have short product development
times, so the throughput time should preferablybe small. Because the construc-
tion time of metamodels is negligible, with respect to the simulation run time
of designs, we leave it out. Below we discuss the computation of throughput
times for the three coordination methods. To clarifythe derived formulas we
use the black box chain in Figure 2 as a numerical example. The actual time
unit is not important for our discussion, we assume it is minutes.
4.1 Parallel simulation
With parallel simulation all simulation schemes are run concurrentlyand inde-
pendently. The corresponding throughput time, denoted by TTparallel,i se q u a l




When a small increase in the simulation time of a certain black box increases the
throughput time, then we call this black box a bottleneck. In parallel simulation
the bottlenecks are all black boxes ˜ b ∈ B that satisfy:
˜ b = argmax
b∈B
nbsb . (2)
For the black box chain in Figure 2 it can readilybe computed that TTparallel
is equal to 1050 minutes and that black box 7 (BB 7) forms the bottleneck.
4.2 Sequential simulation
Sequential simulation can be viewed as sending one design after another through
the entire black box chain, where the designs are simulated at everyblack box
that theyencounter. This is whywe refer to these designs as globallysimulated
designs. The maximum number of such designs, sayˆn, is restricted bythe
minimum of the number of required simulation runs at everyblack box, i.e.,
ˆ n = minb∈B nb. Because ˆ n is a minimum there maybe several black boxes
that require more simulation runs. The corresponding simulation results are
onlyused locally , i.e., at a certain black box, and therefore referred to as locally
simulated designs. Clearly, every black boxb ∈ B needs ˆ n globallyand nb − ˆ n
locallysimulated designs.
Focusing on the globallysimulated designs we see that such a design can
onlybe simulated at a particular black box when its simulation has ﬁnished
at all preceding black boxes. In order to compute the throughput time of the
sequential simulation method we ﬁrst introduce the throughput time function
fb(n). This function gives the minimal time it takes for n globallysimulated








(n) ,s b + fb(n − 1)
 
,n≥ 1. (3)
6The interpretation of this formula is that black box b has to wait until all its
predecessors have run n simulations and that it has to wait until it has run n−1
simulations itself, before it can start with the n-th simulation run. Further, note
that fb(0) = 0 implies that:





This formula gives the longest path up to black box b, e.g., see [2], starting at a
black box in a beginning of the chain. Because (3) is dynamic in the variables
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It can be proven that fb(n)i sc o n v e xi nn ≥ 1. Therefore, (5) can be simpliﬁed





























(n) , (n − 1)sb + fb(1)
 
,n≥ 2. (6)
This reduces (3) to a formula that is onlydy namic in the variable b ∈ B.
Next, we deﬁne the following two sets:
Cb,n : set of possible bottlenecks up to black box b ∈ B for n globally
simulated designs.
Cn : set of bottlenecks for n globallysimulated designs.
Note that the black box chain structure can cause the sets Cb,n and Cn to











∈ Pb ,f b
(1) = fb(1) − sb
 
, to compute
fb(1) and the corresponding bottlenecks for all black boxes b ∈ B. Combining
this information with (6) enables us to compute the throughput time f(n)a n d










































Cb,n , where J = {b : b ∈ Be ,f b(n)=f(n)}.
(TT)
Using (TT) we can compute the minimal time that is needed to simulate all
ˆ n globallysimulated designs, i.e., f(ˆ n). To compute the throughput time we
must include the time needed bythe locallysimulated designs. In this respect,
note that a black box maybe idle, i.e., not simulating, for several periods of
time during the whole simulation process of the globallysimulated designs. In
case we are dealing with preemptive simulation runs we can start the simulation
of locallysimulated designs in these idle periods. The throughput time of the





nbsb ,f (ˆ n)
 
(1)
= max{TTparallel ,f (ˆ n)} . (7)
In case TTseqsim,pre = TTparallel the black boxes ˜ b ∈ B that satisfy(2) form
bottlenecks. If TTseqsim,pre = f(ˆ n) the black boxes b ∈ Cˆ n are bottlenecks.
Note that in this latter case not all bottlenecks mayhave the same impact
on the throughput time. The exact impact of everybottleneck can easilybe
computed once the bottlenecks are known.
Unfortunately, it may not be possible to stop a simulation run at some point
in time and later on proceed from that point, i.e., the simulation runs maybe
non-preemptive. Switching between diﬀerent designs mayalso need a lot of
communication between the divisions and maytherefore not be verypractical.
Further, waiting until all globallysimulated designs are ﬁnished gives us the
maximal amount of information for the determination of the designs that we
simulate locally. For these reasons we suggest to use non-preemptive simulation
runs and to run all locallysimulated designs after the globallysimulated designs
are ﬁnished. The throughput time then becomes equal to:
TTseqsim = max
b∈B
{fb(ˆ n)+( nb − ˆ n)sb } . (8)
In this case the bottlenecks are given bythe set C∗
ˆ n =
 
b∈I Cb,ˆ n where I =
{b : fb(ˆ n)+( nb − ˆ n)sb = TTseqsim }. As above, the impact of these bottlenecks
mayvary .
8For the example in Figure 2 we can use (TT) to compute that:
f(n)=
 
250 + 90n if n ≤ 11
140 + 100n if n ≥ 11 . (9)
From (9) and the fact that ˆ n = 10 we get that f(ˆ n) = 1150. Recall that
TTparallel = 1050 minutes, so (7) results in TTseqsim,pre = 1150 minutes. Fur-
ther, because f11(ˆ n)=f(ˆ n) it follows from (TT) that the bottlenecks are given
bythe set Cˆ n = C11,ˆ n = {1,2,5,8,10,11}. Using (8) we ﬁnd that TTseqsim is
equal to 1490 minutes. Because f9(ˆ n)+( n9 − ˆ n)s9 = TTseqsim, all black boxes
in the set C∗
ˆ n = C9,ˆ n = {1,2,5,6,9} are bottlenecks.
4.3 Sequential modeling
With sequential modeling all simulation schemes are run sequentially, following
the precedence ordering in the black box chain. Therefore, the throughput time,
denoted by TTseqmod, is equal to the longest path in the black box chain, when






nbsb , where ˆ B is a path in the chain. (10)
In this equation a path is deﬁned as a sequence of black boxes starting at a
beginning of the chain, so at a black box b for which Pb = ∅, and ending at
an end of the chain, so at a black box b ∈ Be. All black boxes on a longest
path form bottlenecks. In Figure 2, with nbsb on the nodes, the black boxes 1,
2, 5, 7, 10 and 11 form the longest path and, therefore, the bottlenecks. The
corresponding throughput time is equal to TTseqmod = 5350 minutes.
4.4 Throughput time relations
From above observations we can derive general relations between the throughput





≤ TTseqsim ≤ TTseqmod . (11)
The ﬁrst two inequalities readilyfollow from observations (7) and (8). It can
easilybe proven that the last inequalityalso holds.
5 Comparison of aspects
Besides the throughput time we deﬁned four other aspects in Section 3. This
section discusses these aspects for the three coordination methods and summa-
rizes the results.
5.1 Parallel simulation
Due to the concurrent running of the simulation schemes at all black boxes
the corresponding metamodels are also constructed independently. Therefore,
9changes in a particular black box do onlyaﬀect the accompany ing metamodel
and not the metamodels for other black boxes. This is whyparallel simulation
is not verysensitive to changes and thus veryﬂexible.
Bythe independence of the black box simulations it is veryunlikelythat
the same design settings are simulated, so there will in general be no simulated
product designs. However, when the coupling of black boxes is caused bylinking
design parameters only, we can simulate the same settings for these linking
design parameters at all black boxes and still obtain simulated product designs.
Because everydesign team merelyoperates independentlythere is no need
for a complex organizational structure. Communication is onlyneeded when all
simulations have taken place. However, these simulation results are not used to
determine new simulation schemes, so there is no prior information used.
5.2 Sequential simulation
At sequential simulation we use the precedence ordering in the black box chain
and simulation results at the simulation process. Therefore, the globallysim-
ulated designs, as well as the locallysimulated designs, use prior information.
Changes in black boxes aﬀect the simulation outcomes and thus the input to
other black boxes. This clearlyaﬀects the metamodels for these black boxes, so
the method is not veryﬂexible with respect to changes in simulation tools.
When the same linking design parameter settings are simulated at all black
boxes then the globallysimulated designs result in simulated product designs.
The settings for the linking design parameters can be determined beforehand,
as will be explained in a forthcoming paper.
Unfortunately, using simulation results of preceding black boxes asks for a
lot of communication between the design teams. After everygloballysimulated
design has been run at a certain black box, the results have to be sent to
all its successors. This results in a complex coordination process that needs
sophisticated communication methods, which have to be supported bythe design
tools.
5.3 Sequential modeling
Using all simulation outcomes and metamodels of preceding black boxes as
input implicitlyaﬀects the metamodels that are constructed. Therefore, changes
in simulation tools also aﬀect other metamodels and make this coordination
method not veryﬂexible.
Further, the use of prior information makes it possible to obtain simulated
product designs, as long as the same linking design parameter settings are used.
Note that the number of required simulation runs varies per black box, so we
have to be careful which results to use, i.e., onlythe designs that have been
simulated at all preceding black boxes, in order to obtain simulated product
designs.
There is communication needed between the various divisions, but onlyafter
each simulation scheme has been run completelyand the corresponding meta-
model is constructed. The coordination process is therefore relativelysimple.
105.4 Summary of results
In this section we summarize the results found above. Table 1 gives the ﬁve as-
pects mentioned in Section 3, as well as the scores for each of the three coordina-
tion methods at these aspects. Two pluses (++) indicate that the coordination
method has a positive eﬀect on a particular aspect. One plus (+) indicates a
moderatelypositive eﬀect. With one minus ( −) the eﬀect of the coordination
method on a particular aspect is slightlynegative and with two minuses ( −−)
this eﬀect is negative.
Recall that in Section 4 we choose to use sequential simulation with non-
preemptive simulation runs, i.e., the locallysimulated designs are determined
and simulated after all globallysimulated designs have ﬁnished. Further, note
that in Table 1 a positive eﬀect (+ or ++) at the coordination complexitymeans
that the coordination process is not complex.
Coordination method → Parallel Sequential Sequential
Aspect ↓ simulation simulation modeling
Throughput time ++ + −−
Flexibility ++ −− −−
Simulated product designs − ++ ++
Coordination complexity ++ −− +
Use of prior information −− + ++
Table 1: Comparison of three coordination methods with respect to ﬁve aspects.
A small throughput time, ﬂexibilityand a lack of complexityat the coordi-
nation process are the main advantages of parallel simulation. However, for
the designers it is important that theyobtain an accurate metamodel for the
product. Parallel simulation mayneed several extra simulation runs, besides
the designs alreadysimulated, to include the coupling between the black boxes
properlyin the metamodels. Further, it is often required that there should be
simulated product designs, for reasons mentioned in Section 3. This requirement
makes the sequential coordination methods more favorable than the parallel co-
ordination method, at least, in cases where there are response input parameters
present.
Choosing between the two sequential coordination methods mainlydepends
on the throughput time and the availabilityof good means of communication
between the divisions. Using sequential simulation results in a more complex
coordination process, whereas sequential modeling yields a larger throughput
time. Therefore, when dealing with large simulation times and an automatized
communication system, the sequential simulation method is preferable. Sequen-
tial modeling is a good choice when communication between the divisions is hard
and the simulation times are not too large.
Of course, the determination of the best coordination method is not that
strict and depends on the kind of design problem we are dealing with. This is
whya good examination of all aspects for each of the three coordination meth-
ods is extremelyimportant. This can be done byusing Table 1 and the formulas
derived in Section 4.
11Section 2 mentions that an initial set of simulation runs per black box may
not suﬃce to construct proper metamodels. To deal with this problem there is
often a two-stage simulation procedure used. For the ﬁrst stage we advise to
use parallel simulation for the simulation of the initial set of designs, or initial
simulation scheme. This gives a global idea about the black box behavior and
the most important parts of the product design space. At the second stage we
can combine the simulation results found with a sequential method and simu-
late extra sets of designs. These extra simulation runs will give more insight in
the most important parts of the product design space. Therefore, the resulting
metamodels will give good representations for the whole product design space,
but still emphasize the most important parts of it.
6 Conclusions and further research
In order to gain insight in product and component behavior we replace time-
consuming simulation tools byapproximation models, or metamodels. The con-
struction of such models is based on sets of simulated designs. Products that
consist of several components have, normallyspeaking, several time-consuming
simulation tools, or black boxes, that are used at the component design pro-
cesses. Coupling of the components causes coupling of the black boxes and
results in a need for communication between the diﬀerent design teams. These
coupled design processes can be controlled bya coordination method.
We introduced three coordination methods, derived formulas for their through-
put times and gave four other aspects to compare the methods. The results of
this comparison can be found in Table 1. This table, along with the through-
put time formulas, can be used to determine the best coordination method for
a speciﬁc design problem. After this, the chosen method is used to construct
simulation schemes for all black boxes, following a procedure which will be dis-
cussed in a forthcoming paper. Based on the simulation results metamodels
can be constructed for all black boxes. These metamodels can then be used for
ﬁnding an optimal and/or robust design. The construction of metamodels and
the optimization process will also be discussed in forthcoming papers.
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